. It has been attrilbuted to the fact that anaerobic metabolism of glucose yields less ATP than aerobic metabolism (Randle and Smith, 1958a) . In keeping with this it was observed that drugs such as salicylate or 2: 4-dinitrophenol (which interfere with the synthesis of ATP by respiration) accelerate glucose uptake and glycolysis. As will be seen later the reactions involved in the control of glycolysis may be directly controlled by the intracellular concentration of ATP and of its breakdown products 5'AMP (adenosine mono-phosphate) and Pi (inorganic phosphate). The third type of respiratory control is concerned with the interactions of glucose and fatty acid metabolism.
AN important and characteristic property of living matter is its ability to transfer energy released from the breakdown of foodstuffs to other energy-requiring processes such as the synthesis of cell materials or the performance of work. The energy transfer is effected by chemical substances chief amongst which are nucleoside triphosphates such as ATP (adenosine triphosphate) and for reductive syntheses (such as fatty acid or steroid synthesis) reduced coenzymes (abbreviated as NADH2 or NADPH2 which are reduced coenzyme I and II respectively). In mammalian cells ATP and reduced coenzymes are generated for the most part by respiration and the major fuels for respiration are glucose and fatty acids and ketone bodies. These reactions, concerned with the formation and utilisation of ATP and reduced coenzymes, constitute what is known as energy metabolism in cells. Their control necessarily plays an important part in the overall regulation of cell metabolism. This chapter is concerned largely with the importance of the control of energy metabolism in mammailian muscle to the actions of hormones and to the metabolic disturbances of diaibetes and other endocrine disorders. The discussion will be confined to the ways in which cells increase or decrease the production of ATP and reduced coenzymes according to needs and with the ways in which cell metabolism is adjusted by the availability of glucose, fatty acids and oxygen. Together these processes comprise what is known collectively as respiratory control. To discuss the reactions involved in tihe use of ATP and reduced coenzymes is beyond the scope of this chapter but it may be noted that one or both participate in the synthesis of all major cell constituents (nucleic acids, proteins, lipids, carbohydrates and coenzymes) and in such major physiological processes as muscular contraction, the passage of nerve impulses and the movements of ions, amino acids and sugars across cell mentbranes against concentration gradients.
Respiratory control in muscle comprises three distinct but related processes. The first is concerned with the control of oxygen consumption. In healthy cells the consumption of oxygen is presumably controlled by the rate of ATP utilisation and mediated by the concentration of ADP (adenosine diphosphate) formed in the utilisation of ATP (Chance, 1959 (Randle, 1956; Morgan, Randle and Regen, 1959) . It has been attrilbuted to the fact that anaerobic metabolism of glucose yields less ATP than aerobic metabolism (Randle and Smith, 1958a) . In keeping with this it was observed that drugs such as salicylate or 2: 4-dinitrophenol (which interfere with the synthesis of ATP by respiration) accelerate glucose uptake and glycolysis. As will be seen later the reactions involved in the control of glycolysis may be directly controlled by the intracellular concentration of ATP and of its breakdown products 5'AMP (adenosine mono-phosphate) and Pi (inorganic phosphate). The third type of respiratory control is concerned with the interactions of glucose and fatty acid metabolism. In musele the provision of fatty acids or ketone bodies for respiration can impair the oxtidation of glucose (Drury and Wick, 1953) and diminish glucose uptake and glycolysis (Williamson and Krebs, 1961; Shipp, Opie and Challoner, 1961; Newsholme, Randle and Manchester, 1962; Garland, Newsholme & Randle, 1962) . As will be discussed later this control is exercised through changes in the intracellular concentrations of coenzyme A, acetyl CoA and citrate (intermediates in the oxidation of glucose, fatty acids and ketone bodies). The metabolism of glucose by glycolysis can also diminish the oxidation of fatty acids in muscle by facilitating their incorporation into tri- glyceride . This third type of respiratory control is of particular importance in diabetes because of the likelihood that in some cases the impaired glucose tolerance is secondary to an abnormalily high rate of release of fatty acids for respiration. Before considering the general nature of control of cell metabolism and the mechanisms of respiratory control and their importance it may be useful to summarise briefly the reactions involved in glucose and fatty acid metabolism and in respiration.
Energy metabolism in muscle
The reactions involved in the metabolism of glucose by glycxlysis and oxidation; in the oxidation of fatty acids and ketone bodies; and in the associated processes of fatty acid storage and release are briefly summarised in Fig. 1 and Fig. 2 The control of metabolism in cells involves control of rates of flow in metabolic pathways. This is invariably achieved by controlling the rate of a limited number (usually one) of the enzyme-catalysed reactions or transport processes. These rate-limiting reactions may be described as the "checkpoints" in metabolism. With few exceptions these checkpoints are irreversible reactions. In the pathways discussed previously the checkpoints are, for glucose uptake, either membrane transport or phosphorylation of glucose; for glycogen breakdown the phosphorylase reaction; for glycogen synthesis the UDPG glycogen glucosyl trans ferase reaction; for glycolysis the phosphofructokinase reaction; and for pyruvate oxidation the pyruvate dehydrogenase reaction. The rate of fatty acid oxidation may be controlled in part by the rate of release of fatty acids from triglyceride stores and in part by the availability of NAD (as opposed to NADH2) in the mitochondrion. The rate of lipolysis is controlled by the activity of an esterase (Vaughan, Berger & Steinberg, 1964 Sutherland and Rall, 1960; Lamer 1964 In an earlier section it was pointed out that agents such as anoxia or drugs such as salicylate or 2 : 4-dinitrophenol which inhibit ATP formation accelerate glucose uptake, glycolysis and glycogen breakdown in muscle. The reactions involved in this acceleration are glucose transport (Randle and Smith, 1958b; Morgan and others, 1959) ; glucose phosphorylation (Morgan and others, 1959) ; phosphofructokinase (Newsholme and Randle, 1961) ; and phosphorylase (Cornblath, Randle, Parmeggiani and Morgan, 1963) . The mechanisms so far as they are known involAve allosteric interactions with ATP and 5' AMP and Pi, since the actions of these agents lower the intracellular concentration of ATP and raise those of 5' AMP and Pi. Phosphofructokinase is inhibited by ATP and activated by 5' AMP and Pi (Passonneau and Lowry, 1962) ; phosphorylase "b" in muscle is activated by 5' AMP and this activation is blocked by ATP (Parmeggiani and Morgan, 1962) . The activation of hexokinase may involve a fall in the intracellular concentration of glucose 6-phosphate (an inhi-bitor of the enzyme) and a rise in Pi (an activator-Tiederman and Born, 1959). The control of glucose transport has yet to be elucidated. It is important to note that hormones which stimulate ATP utilisation will necessarily accelerate glucose uptake, glycolysis and glycogen breakdown unless their action also leads to the iprovision of sufficient fatty acid to support respiration. It should 'be noted also that hormones which uncouple phosphorylation from respiration will also accelerate glucose uptake, glycolysis and glycogen breakdown. This may be seen with toxic concentrations of thyroxine as in hyperthyroidism.
Interactions of glucose and fatty acid metabolism Evidence has recently been summarised to show that there is a reciprocal relationship between the utilisation of glucose and fatty acid in 'muscle. This relationship has been named the Glucose Fatty Acid Cycle (Randle, Garland, Hales and Newsholme, 1963) . In rat heart or diaphragm musdle perfused or incubated in vitro with medium containing fatty acids or ketone bodies, glucose uptake, glycolysis and glucose oxidation are impaired. These chaniges are due to inhitbitory effects of respiration of these substrates on glucose transport, glucose phosphorylation, the phosphofructokinase reaction and the pyruvate dehydrogenase reaction (Newsholme and others, 1962; Garland and others, 1962; Randle and others, 1963) . The fundamental mechanism underlying these chaniges appears to 'be an increase in the ratio of the concentration of acetyl CoA to that of CoA which inhibits pyruvate dehydrogenase ; and a rise in the intracellular concentration of citrate which inhibits phosphofructokinase, perhaps by allosteric interaction Parmeggiani and Bowman, 1963) . The mechanism of the altered rates of glucose transport and phosphorylation are not yet known though the latter 'may be due to an increase in t'he intracellular concentration of glucose 6-phosphate, an inhibitor of hexokinase (Newsholme and others, 1962 In alloxan-diabetes in the rat the normal relationship between glucose and fatty acid metabolism is disturbed. In the muscles of alloxan-diabetic rats in vitro the action of insulin on the disposa!l of iglucose is impaired and the rates of glucose transport and phosphorylation and of the phosphofructokinase and pyruvate dehydrogenase reactions are diminished. These changes are very similar to those which have been induced in normal muscle by the provision of fatty acids and direct evidence for increased provision of fatty acids for respiration by accelerated breakdown of muscle glycerides in diabetic muscle has been obtained (Randle and others, 1963; Garland and others, 1963) . The defects in glucose metabolism in muscles of diabetic rats may be corrected either by treatment of the rat with insulin or by hypophysectomy and each of these treatments corrects the abnormally high rate of release of fatty acids. These findings suggest that those defects in glucose metabolism in alloxan-diabetes which lead to insensitivity towards actions of insulin on glucose disposal in muscle are secondary manifestations of augmented release and oxidation of fatty acids.
In human diabetes the earliest manifestations are those of insulin insensitivity. When glucose tolerance is minimally impaired the plasima concentration of insulin is normal or frequently supranormal Hales, Randle and Walker, 1964) . There is moreover evidence that the rate of release of fatty acids is accelerated at this stage insofar as the plasma concentrations of fatty acids are augmented.
This has raised the interesting possibility that an abnormality in the release of fatty acids is the primary event in the development of diabetes leading secondarily to insensitivity towards the hypoglycaemic effect of insulin and to impaired glucose tolerance . Evidence for this hypothesis has been summarised in full elsewhere Randle and others, 1963;  Randle, Garland, Hales and Newsholme, 1964) . A further point of evidence has recently been provided by the experimental observations made in man by Felber and Vannotti (1963) who have raised plasma NEFA by infusion of triglycerides. This led to impaired glucose tolerance and insulin insensitivity and the plasma concentrations of glucose and insulin during oral glucose tolerance tests were very similar to those seen in early diabetes. Their findings provide a striking demonstration in man that an increased provision of fatty acids for respiration can lead to impaired glucose tolerance and insulin insensitivity.
